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Objective: To characterize mitogen activated protein (MAP) kinase activity and chondrocyte apoptosis in
an in vitro model of cartilage mechanical injury as a function of tissue depth and time post-injury.
Design: Mechanically injured osteochondral explants were assessed for cell viability, MAP kinase and
caspase-3 activity over 15 days using immunoﬂuorescence microscopy and Western blot. Zonal distri-
butions of cell viability and apoptosis were quantiﬁed in the presence of speciﬁc mitogen activated
protein kinase inhibitors.
Results: Viability rapidly decreased post-injury, most signiﬁcantly in the superﬁcial zone, with some
involvement of the middle and deep zones, which correlated with increased caspase-3 activity. Transient
and signiﬁcant increases in extracellular-regulated protein kinase (ERK) activity were observed in middle
and deep zones at 1 and 6 days post-injury, while c-Jun-amino terminal protein kinase activity increased
in the deep zone at 1 and 6 days compared to uninjured controls. Changes in p38 activity were
particularly pronounced, with signiﬁcant increases in all three zones 30 min post-injury, but only in the
middle and deep zones after 1 and 6 days. Inhibition of ERK and p38 increased chondrocyte viability
which correlated with decreased apoptosis.
Conclusions: Spatiotemporal patterns of MAP kinase signalling in cartilage after mechanical injury
strongly correlate with changes in cell viability and chondrocyte apoptosis. Importantly, these signals
may be pro-survival or pro-apoptotic depending on zonal location and time post-injury. These data yield
mechanistic insights which may improve the diagnosis and treatment of cartilage injuries.
 2012 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Joint injury contributes to acute and long-term cartilage
degradation1. Joint trauma, which often causes superﬁcial ﬁssures,
and slicing of articular surfaces greatly increase the risk of devel-
opment of osteoarthritis (OA)2e7. During progression from joint
injury to OA, the damaged region not only continues to undergo
structural changes, but also molecular changes in cartilage-speciﬁc
gene expression8,9. While acute structural changes to the extra-
cellular matrix (ECM) have been directly related to the biome-
chanics of injury6,10e12, the cellular signalling mechanisms which
control long-term changes in gene expression and matrix
mechanical integrity remain unclear. Therefore, study of immediate
and short-term chondrocyte responses to cartilage injury is: T.M. Quinn, Department of
ersity St., Montreal, QC H3A
78.
nn).
s Research Society International. Pwarranted for better understanding of the aetiology of post-
traumatic OA.
Mitogen activated protein kinases (MAPK) are major signal
integrators which serve to regulate cell growth, proliferation,
survival, mechanotransduction, inﬂammatory responses, matrix
production and degradation, and cell death13,14. The three main
MAPK molecules are extracellular-regulated protein kinase
1/2 (ERK), p38, and c-Jun-amino terminal protein kinase (JNK).
Among other signalling molecules, MAPK signalling is crucial for
chondrocyte metabolism and maintenance of cartilage13. Reports
have suggested that mechanical stimulation of cartilage induces
activation of MAPK15e17, and p38 and ERK have been shown to be
activated by mechanical injury to potentially disrupt matrix
production and induce chondrocyte death17. Therefore, patterns of
MAPK expression in cartilage post-injury may provide valuable
insights into cell activity at this critical stage, as well as the
particular roles of chondrocytes from superﬁcial, middle and deep
zones.
Using an in vitromodel for injurious compression7,11 of cartilage
in osteochondral explants, we examined spatial and temporalublished by Elsevier Ltd. All rights reserved.
Fig. 1. Chondrocyte viability within injured explants. (A) LIVE/DEAD assay images of injured and uninjured cartilage explants. Red signal indicates dead cells; green signal indicates
living cells. White horizontal lines divide explants into the superﬁcial zone (top 20%), middle zone (next 40%), and deep zone (bottom 40%). Representative images of sections from
nine different explants from three total donors. Scale bar: 200 mm. (B) Chondrocyte viability from 30 min, 1, 6 and 15 days culture of injured (light grey bars) and uninjured control
explants (dark grey bars). Error bars 95% CI; n ¼ 9. * indicates P < 0.05, Student’s t test.
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Fig. 2. Cleaved caspase-3 activity within injured explants. (A) Cleaved-caspase-3 positive cells (red) overlaid on total nuclei (DAPI, blue). Representative images of sections from
nine explants from three individual donors. Scale bar: 200 mm. (B) Zonal quantiﬁcation of positive cells from 30 min, 1, 6 and 15 days culture of injured (light grey bars) and
uninjured explants (dark grey bars). (C) Western blot analysis of cleaved caspase-3 in zonal sections of injured and control explants. a-tubulin was used as a loading control. S, M
and D indicate superﬁcial, middle and deep zones. Error bars 95% CI; n ¼ 9. * Indicates P < 0.05, Student’s t test.
D.H. Rosenzweig et al. / Osteoarthritis and Cartilage 20 (2012) 1591e1602 1593distributions of the active, phosphorylated MAP kinases (p-ERK,
p-p38, and p-JNK) during 15 days post-injury. Our goal was to map
out, as a function of time and depth within cartilage, where and
when MAP kinase activity is up- or down-regulated over the short-term following injury. Understanding patterns of MAPK signalling
post-injury offers valuable mechanistic insights into chondrocyte
death, matrix remodelling and initiation of OA, and may support
improved strategies for disease prevention and therapy.
D.H. Rosenzweig et al. / Osteoarthritis and Cartilage 20 (2012) 1591e16021594
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Bovine osteochondral explants
Knees obtained from skeletally mature cows at a local slaugh-
terhouse (Montreal, QC) were dissected under irrigationwith sterile
phosphate-buffered saline (PBS) with antibiotic/antimycotic solu-
tion (Invitrogen). Samples were prepared as previously described7,11.
Osteochondral explants were cored from the femoropatellar groove
using a 4 mm diameter coring drill bit and power drill, and tissue
was placed in 25 mL of sterile PBS containing antibiotic/antimycotic
solution (Invitrogen). Explant bone was trimmed to 5 mm using
a microtome (Leica RM2235). Trimmed samples were then equili-
brated in growth medium (high-glucose DMEM; 0.1 mM Nones-
sential Amino Acids; 10 mM HEPES; 1 mM sodium pyruvate; 10%
fetal bovine serum; and 1% penicillin-streptomycin-glycine solu-
tion) and incubated for 5e6 days prior to mechanical injury.
Mechanical injury
Equilibrated explants were placed in a custom-built mechanical
loading apparatus, and a single ramp compression to 14 MPa peak
stress was applied at 70%/s strain rate7,11. Explants with visible cracks
in the articular surface (w95%) were retained, together with
uncompressed controls. Samples were either ﬁxed in 4% para-
formaldehyde solution for immunoﬂuorescence or placed in TRIzol
(Invitrogen) for RNA extraction at 30 min, 2 h (for gene expression
only), and 1, 6, and 15 days post-injury. For gene expression analysis,
six explants per donor animal were drilled from the bone. For each
time point, three control explants were left alone in the media while
mechanical injury was induced in the other three explants; controls
were pooled and injured samples were pooled together and then
crushed in TRIzol to generate each experiment. For each time point,
three donor animalswere used to generate n¼ 3. All injured explants
were compared to uninjured controls dissected from the same donor.
Reverse transcription and quantitative real-time PCR
Cartilage explants were cut from the bone using a scalpel and
RNA was immediately extracted using TRIzol Reagent (Invitrogen)
and a pestle. RNA extraction, cDNA synthesis and quantitative real-
time polymerase chain reaction (qPCR) were performed as previ-
ously described18. Statistical signiﬁcance of fold-changes in gene
expression was determined using Student’s t test (P < 0.05) from
three independent experiments. PCR primers for collagen type II,
aggrecan, cartilage oligomeric matrix protein (COMP), Sox9, collagen
type I, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
were generated as described elsewhere19.
Immunoﬂuorescence and quantitation of viability and MAP kinase
activity
Explants were ﬁxed with 4% paraformaldehyde solution and
embedded in 3.5% agar in PBS. Explants were sliced into 80 mm
sections perpendicular to surface cracks. Sections were blocked in
permeabilization buffer for 30 min (PBS, 0.1% Triton X-100 and 1%
BSA). Permeabilized sections were then incubated with anti-
bodies against cleaved caspase-3 (Sigma; 1:250), phospho-ERK1/
2 (p-P44/P42; 1:200, Cell Signalling), phospho-p38 (1:200, Cell
Signalling) or phospho-JNK (1:200, Cell Signalling) overnight at
4C. Sections were washed three times in PBS and then incubatedFig. 3. p-ERK activity within injured explants. (A) p-ERK positive cells (red) overlaid on to
individual donors. Scale bar: 200 mm. (B) Zonal quantiﬁcation of positive cells from 30 min,
bars). Error bars 95% CI; n ¼ 12. * Indicates P < 0.05, Student’s t test.with TRITC-conjugated Goat anti-Rabbit IgG (1:250, Sigma) for
1.5 h at room temperature, and washed thrice with PBS. Sections
were mounted with Fluoroshield with DAPI (Sigma) and visual-
ized on an Olympus IX81 inverted ﬂuorescence microscope. For
negative controls, sections were probed with the TRITC-labelled
secondary antibody alone. All images were captured using a
10 objective with MAG Biosystems Software 7.5 (Photometrics,
Tucson, AZ). Three sections were chosen randomly from three
different explants per donor (injured and control) for measure-
ments. Some experiments used three donors (n ¼ 9) and some
used four donors (n ¼ 12); the mean of these 9 or 12 measure-
ments was used in the Student’s t test. Explant sections were
divided into superﬁcial (top 20%), middle (next 40%) and deep
zones (bottom 40%). Positively stained cells were counted and
plotted as percent of total. Unﬁxed samples were embedded in
agar, sectioned, and LIVE/DEAD assay (Invitrogen, Burlington, ON)
was used to quantify zonal viability.
Western blot analysis
Injured and uninjured control explants (four pooled explants
from three separate donors) were sectioned into zones (top 200 mm
superﬁcial zone; next 400 mm middle zone; bottom 400 mm deep
zone) and immediately lysed by freeze/thaw and crushing with
a pestle in 75 mL of lysis buffer (20 mM Tris (pH 7.4), 150 mM NaCl,
1 mM EDTA, 0.5% Triton X-100, 1 mM b-glycerophosphate, sup-
plemented with complete EDTA-free protease inhibitor cocktail).
25 mL of 5 Lammeli buffer was added and samples were incubated
5 min at 70C. 25 mL of each sample was run on 10% (for MAPK)
or 15% (for caspase-3) sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred to nitrocellulose
membranes. Membranes were blocked in 5% bovine serum albumin
(BSA) for 30 min and probed with antibodies against cleaved
caspase-3 (1:500), phospho-ERK1/2 (1:2,000), phospho-p38 (1:1,000)
or phospho-JNK (1:1,000), MAPKAPK2 (1:500, Bioss Antibodies,
Woburn, MA) and a-tubulin (Abcam; 1:2,000), followed by incu-
bation with anti-rabbit or anti-mouse horseradish peroxidase-
conjugated secondary antibody (1:5,000, Cell Signalling).
Membranes were then washed three times in TBST for 10 min.
Western blots were developed using Super Signal West Pico
Substrate (Thermo-Fisher, Nepean, ON) and Kodak BioMax MR ﬁlm
(Perkin Elmer, Woodbridge, ON).
Inhibition of MAPK activity
Cartilage explants were prepared as described above. Samples
were pre-treated for 1 h in growthmedium containing either 10 mM
of the ERK-speciﬁc inhibitor PD98059, the p38-speciﬁc inhibitor
SB203580, the JNK-speciﬁc inhibitor SP600125, or the 1% dimethyl
sulfoxide (DMSO) vehicle (untreated controls). After pre-treatment,
samples were mechanically injured as described above and
cultured in medium containing the appropriate inhibitor for 1 and
6 days. Unﬁxed samples were embedded in low-melt 3.5% agar in
PBS, sectioned using a vibratome, and LIVE/DEAD assay was per-
formed as described above. Sections from two control and two
injured explants were analysed from three different donors (giving
n ¼ 6). To control for efﬁcacy of MAPK inhibition, Western blot
analysis was performed to visualize MAPK signals in uninjured,
injured and inhibitor-treated explants (four pooled explants from
three donors; Supplemental Fig. S3). Fixed sections were per-
meabilized and blocked. Sections were then probedwith antibodiestal nuclei (DAPI, blue). Representative images of sections from 12 explants from two
1, 6 and 15 days culture of injured (light grey bars) and uninjured explants (dark grey
Fig. 4. p-p38 activity within injured explants. (A) p-p38 positive cells (red) overlaid on total nuclei (DAPI, blue). Representative images of sections from nine explants from three
individual donors. Scale bar: 200 mm. (B) Zonal quantiﬁcation of positive cells from 30 min, 1, 6 and 15 days culture of injured (light grey bars) and uninjured explants (dark grey
bars). Error bars 95% CI; n ¼ 9. * Indicates P < 0.05, Student’s t test.
Fig. 5. p-JNK activity within injured explants. (A) p-JNK positive cells (red) overlaid on total nuclei (DAPI, blue). Representative images of sections from nine explants from three
individual donors. Scale bar: 200 mm. (B) Zonal quantiﬁcation of positive cells from 30 min, 1, 6 and 15 days culture of injured (light grey bars) and uninjured control explants (dark
grey bars). Error bars 95% CI; n ¼ 9. * Indicates P < 0.05, Student’s t test.
Fig. 6. Western blot analysis of MAPK zonal activity. Blots from injured and control
explants were probed with antibodies against p-ERK1/2, p-p38, p-JNK/SAPK and
a-tubulin as a loading control. Representative scans of three independent experiments.
S, M and D indicate superﬁcial, middle and deep zones.
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and apoptotic activity was quantiﬁed as described above.
Statistical analysis
Data were plotted and analysed using Graphpad Prism Version
5.0, where 95% conﬁdence intervals (CI) were calculated from each
data set. For viability assays, injured samples were statistically
compared to uninjured controls using Student’s t test. For comparing
cells positive for MAPK signalling in injured and control explants,
Student’s t test was performed to determine signiﬁcance. Student’s
t test was also used to determine signiﬁcance to changes in viability
and apoptosis in injured explants treated with inhibitors of
MAPK, whichwere individually compared to DMSO-treated controls.
P values less than 0.05 were considered statistically signiﬁcant.
Results
Mechanical injury of cartilage explants transiently changes
chondrogenic gene expression
Consistent with previous ﬁndings7,11, explants subjected to
a single ramp compression to 14 MPa peak stress applied at 70%/s
strain rate exhibited visible surface cracks in over 95% of cases
(Supplemental Fig. S1). Real-time qPCR analysis showed transient
increases in cartilage-speciﬁc gene expression in as little as 2 h
post-injury compared to uninjured controls, indicating that the
mechanical injury was sufﬁcient to initiate cellular signalling
responses within the tissue (Supplemental Fig. S2). By 15 days,
expression of all genes tested returned to control levels.
Mechanical injury of cartilage explants reduces cell viability
particularly in the superﬁcial zone
As expected11, by 30 min post-injury, signiﬁcant (P ¼ 0.00456)
loss of cell viability was evident in the superﬁcial zone (roughly 85%
in controls vs 25% in injured explants; Fig. 1). Reduced cell viability
remained evident through 15 days post-injury, despite some minor
loss of cell viability in control explants over this period (P ¼
0.00647, 0.00966, and 0.00949 respectively for 1, 6 and 15 days e
Fig. 1). In the middle zone, viability remained roughly 85% in
controls, while viability dropped from approximately 55e40%
(P ¼ 0.00121, 0.0068, 0.00839, and 0.00156 respectively for
30 min, 1, 6 and 15 days) in injured explants through 15 days
(Fig. 1). There was also a relatively small decrease in viability in
the deep zone after 30 min and 1 day post-injury (from 85% in
controls to 75% in injured explants with P ¼ 0.00138; Fig. 1).
However, no injury-associated differences in viability were evident
after 6 or 15 days (Fig.1). Together, these data indicate that themost
dramatic reductions in cell viability occurred acutely near the
surface of injured cartilage explants and viability declined in
middle and deep zones over time post-injury (Fig. 1).
Changes in apoptotic activity in mechanically injured cartilage
explants
Since increased cell death was observed between 1 and 6 days
post-injury (Fig. 1) and since chondrocyte apoptosis has been
shown to peak 1 day after cartilage injury20, caspase-3 activity was
evaluated 1, 6 and 15 days post-injury. Injured explants showed
signiﬁcant increases in cleaved caspase-3 staining in all zones after
1 day compared to uninjured controls (P ¼ 0.0039, 0.0015, and
0.0023 for the superﬁcial, middle and deep zones respectively e
Fig. 2). At 6 days post-injury, signiﬁcant increases in caspase-3
activity were only detectable in the middle (P ¼ 0.00252) anddeep (P ¼ 0.021) zones vs controls. These observations were
conﬁrmed byWestern blot of zonal sections comparing injured and
uninjured explants [Fig. 2(C)].
Changes in MAPK signalling in mechanically injured cartilage
explants
ERK activity in uninjured controls varied between 1% and 4% of
total cells positive throughout the tissue depth and for the duration
of the experiment. Signiﬁcant changes in ERK activity due to
mechanical injury were observed in the superﬁcial, middle and
deep zones at 1 day post-injury (P¼ 0.049, 0.036, and 0.025), and in
the superﬁcial and middle (P ¼ 0.0072 and 0.014) zones 6 days
post-injury (Fig. 3). However, no signiﬁcant changes in ERK sig-
nalling were evident 30 min or 15 days post-injury. Increases in the
middle and deep zones at 1 and 6 days post-injury were conﬁrmed
by Western blot (Fig. 6).
p38 activity in uninjured controls varied between 5% and 15% of
total cells positive in the superﬁcial zone, 1e8% in the middle zone,
and 2e8% in the deep zone throughout the experiment (Fig. 4).
Mechanical injury caused signiﬁcant changes in p38 activity
throughout the tissue depth at 30 min, 1 day and 6 days. In the
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30 min followed by 3-fold and 2-fold decreases in p38 activity at
1 and 6 days post-injury, respectively (P ¼ 0.0072, 0.0015, and
0.0014 e Fig. 4). In the middle zone, there were 5-fold, 1.5-fold, and
4-fold increases in p38 activity at 30 min, 1 day, and 6 days post-
injury (P ¼ 0.0243, 0.049 and 0.0026). In the deep zone 6-fold,
5-fold, and 3-fold increases in p38 activity were evident at 30min,1
day and 6 days post-injury (P ¼ 0.0044, 0.0022, 0.016 e Fig. 4).
Compared to uninjured controls, no differences in p38 activity were
detected at 15 days post-injury. Increases in p38 activity at 30 min,
1 and 6 days post-injury were conﬁrmed by Western blot (Fig. 6).
JNK activity in uninjured controls varied between 5% and 12% of
total cells positive in the superﬁcial zone, 3e8% in the middle zone,
and 2e10% in the deep zone throughout the experiment (Fig. 5). JNK
signalling decreased signiﬁcantly in the superﬁcial zone post-injury,
where 10- and 6-fold reductions were evident after 1 and 6 days
(P ¼ 0.0028 and 0.014 e Fig. 5). In the middle zone, JNK signalling
signiﬁcantly increased (P ¼ 0.032) by 2.5-fold at 6 days post-injury,
and in the deep zone 4- and 2.5-fold increases in JNK activity were
evident after 1 and 6 days (P¼ 0.0058 and 0.035e Fig. 5). Injury did
not result in signiﬁcant changes in JNK activity after 30 min or 15
days in any tissue zones (Fig. 5). Of the observed changes in JNK
activity in immunoﬂuorescence assays, only the increase in the deep
zone 1 day post-injury was conﬁrmed by Western blot (Fig. 6).
Inhibition of MAPKs alters viability and apoptosis in injured
cartilage explants
In the superﬁcial zone, inhibition of both p38 and JNK signiﬁ-
cantly (P ¼ 0.029 and P ¼ 0.034) decreased viability 1 day post-
injury [Fig. 7(A)]. The decrease in viability when p38 was blocked
correlated strongly with a signiﬁcant (P ¼ 0.021) increase in
apoptosis in the superﬁcial zone. Inhibition of ERK, p38 and JNK
showed a trend for reduced viability in the superﬁcial zone 6 days
post-injury compared to controls [Fig. 7(A)], with inhibition of p38
causing a signiﬁcant (P¼ 0.016) increase in apoptosis. In the middle
zone, inhibition of ERK caused a signiﬁcant (P ¼ 0.046) decrease in
viability 1 day post-injury, but did not affect apoptosis [Fig. 7(A)]. At
6 days post-injury, ERK and p38 inhibition resulted in signiﬁcant
(P ¼ 0.041 and P ¼ 0.026) increases in viability which strongly
correlated with observed decreases in apoptotic activity. In this
case, JNK inhibition did not affect viability yet signiﬁcantly
(P ¼ 0.015) reduced apoptosis. In the deep zone, p38 and JNK
inhibition caused signiﬁcant (P ¼ 0.011 and 0.041) increases in
viability 1 day post-injury but did not affect apoptosis. Six days
post-injury, ERK and p38 inhibition signiﬁcantly (P ¼ 0.049 and
0.014) increased viability and decreased apoptosis (P ¼ 0.011 and
0.0098) [Fig. 7(A)]. When analysing effects of MAPK inhibition over
the full tissue depth (“total”), inhibition of ERK and p38 at 6 days
post-injury signiﬁcantly increased (P ¼ 0.042 and 0.049) viability
strongly correlating with decreased apoptosis [Fig. 7(B)].
Discussion
Compression injury was sufﬁcient to induce transient changes
in cartilage-speciﬁc gene expression by chondrocytes in osteo-
chondral explants, coupled with an acute loss in viability concen-
trated primarily in the superﬁcial zone. Reduced viability correlated
with increased caspase-3 activity, indicating apoptosis as the cause.
Mechanical injury also caused transient changes in ERK, p38 and
JNK activation through the tissue depth for up to 15 days post-
injury. Inhibition of ERK, p38 and JNK showed both cytopro-
tective and cytotoxic effects at different time points within
different tissue zones indicating complex, depth-dependent chon-
drocyte signalling patterns in response to mechanical injury.Models of articular cartilage injury have been developed to
study matrix and cell responses post-injury both in vivo and
in vitro4,21e24. Reports have suggested that mechanical injury to
articular cartilage results in changes to cartilage and matrix related
gene expression8,9,16,17,25. In the present study, chondrogenic gene
expression was upregulated between 2 h and 6 days post-injury,
which is consistent with those ﬁndings.
Loss of ECM integrity within cartilage is observed during
progression of OA26,27, and previous studies have emphasized
relationships between matrix integrity and chondrocyte
death7,11,12,25,28e31. In this study, cell death and active apoptosis was
quantiﬁed as a function of tissue depth and time after injury.
Massive cell death was observed immediately after injury, which
was concentrated in the superﬁcial zone (near the cracked surface)
withw50% cell death seen in the middle zone andw25% cell death
in the deep zone. Cell death near the articular surface was consis-
tent with other models for cartilage injury4,25,28,30,31. However, in
the present study cell death increased only slightly over 15 days
post-injury. These data contrast with other reports, where cell
death greatly increased with time post-injury6,25,30. Other labora-
tories use different methods to mechanically injure samples6, and
our observations are possibly different because of different
methods and tissue sources. The trends which we observed for
slight increases in cell death with time post-injury are likely
attributed to signiﬁcant increases in apoptosis in the middle and
deep zones. Some reports have shown that loss in glycosamino-
glycans from the ECM can trigger increased caspase-3 activity,
suggesting that matrix compromise can induce chondrocyte
apoptosis12,29. Since our model for cartilage injury compromises
matrix composition7,11, this may be one cause for increased
apoptotic activity and cell death.
Cell signals amid stress-related responses are partially trans-
mitted and communicated via the MAP kinases, and signalling
through ERK, p38 and JNK have been implicated in early OA and
models for mechanical stress of cartilage1,15,32,33 including regula-
tion of both chondrocyte gene expression and death34,35. Here, only
p38 was activated above control levels early and most prominently
in the superﬁcial zone at the site of injury, followed by a signiﬁcant
drop in p38 activity in the superﬁcial zone after 1 day. After 1 and 6
days, p38 activity was increased inmiddle and deep zones. Changes
in p38 staining were conﬁrmed by Western blot. Concomitant
decreases in p38 signalling in the superﬁcial zone may have been
related to the dramatic amount of cell death. Also, since surface
injury is often accompanied by matrix structural changes, celle
matrix interactions may be altered causing changes in cellular
signals. Integrin receptors link chondrocytes with matrix compo-
nents, and mechanical stress is known to activate MAPKs through
integrins36,37. It is possible that compression alone activates p38
early. However, ERK and JNK activationwere only upregulated after
1 and 6 days post-injury suggesting a potentially different and
slower mechanism of activation vs p38. However, while the
changes in ERK activity could be conﬁrmed by Western blot, the
changes in JNK activity could only be conﬁrmed in the deep zone 1
day post-injury. Matrix breakdown and release of matrix compo-
nents and factors are potentially involved in the changes to ERK,
p38 and JNK signals observed at the later time points38. A previous
study showed that active ERK and p38 signiﬁcantly increased
within cartilage explants 24 h post-injury17. Present results for ERK
and p38 activity at 1 day post-injury are consistent with those
ﬁndings, while we further show sustained MAPK activity 6 days
post-injury.
While MAPK signalling pathways have been associated with
anabolic and apoptotic activities32e34,39, blockade of MAPK sig-
nalling can show more speciﬁc roles for ERK, p38 and JNK post-
injury. Inhibition of both ERK and p38 signiﬁcantly affected
Fig. 7. Inhibition of MAPK affects chondrocyte viability post-injury. Injured explants were treated with PD98059 (ERK inhibitor, grey bars), SB203580 (p38 inhibitor, light bars) or
SP600125 (JNK inhibitor, white bars) and compared to untreated, injured controls (dark grey bars). (A) Viable and apoptotic chondrocytes within zones at 1 and 6 days post-injury.
(B) Total cell viability and apoptosis at 1 and 6 days post-injury. Six explants were analysed from three donors in independent experiments. Error bars 95% CI. n ¼ 6. * Indicates
P < 0.05, Student’s t test.
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stress in cartilage explants16. Moreover, inhibition of both ERK and
p38 signiﬁcantly enhanced cell viability post-injury17, possibly
by disrupting apoptosis. Our data, however, suggest depth-
dependence to the roles of ERK and p38 in survival and death
signals in post-injury cartilage. ERK or p38 inhibition caused
a reduction in viability in the superﬁcial zone after 1 and 6 days vs
controls, in associationwith increased apoptosis. This suggests that
MAPK signals are pro-survival after cartilage injury in superﬁcial
zone chondrocytes. Inhibition of p38 alone increased viability in
the deep zone after 1 and 6 days post-injury which correlated with
reduced apoptosis. This suggests that p38 signals are pro-apoptotic
in deep zone chondrocytes post-injury. ERK or p38 inhibition
caused a signiﬁcant viability increase in the middle zone only at
6 days post-injury, also correlatedwith a decrease in apoptosis. This
suggests a pro-apoptotic role for MAPK signalling in the middle
zone post-injury. JNK inhibition yielded inconsistent results in that
sometimes it affected viability and apoptosis similarly. Furtherinvestigation is therefore required to determine the role of JNK
signals on inducing apoptosis post-injury. Interestingly, when
averaged over the full cartilage thickness, viability increased and
caspase-3 activity decreased with ERK or p38 inhibition at 6 days
post-injury. These ﬁndings correlate with a previous ﬁnding17.
Since adult cartilage tissue is avascular, mechanical compression
strongly affects transport of soluble factors to and from cells40,41,
which may modulate the response to injury. Considering that our
explants are not mechanically stimulated in culture post-injury,
solute transport to and from cells is likely slower than in vivo.
This may explain why changes in MAPK signals, gene expression,
and cell death were observed within deeper cartilage zones for up
to 6 days post-injury. Perhaps slow transport of necrotic factors or
other intracellular signals was responsible for delayed responses. It
would be interesting to test if dynamic compression post-injury
could alter these results. Despite being an ex vivo model system
where other joint tissues such as the synovium along with its
factors are not present, our ﬁndings yield valuable insights into the
D.H. Rosenzweig et al. / Osteoarthritis and Cartilage 20 (2012) 1591e1602 1601time- and tissue depth-dependences of cellular signalling in
injured articular cartilage. This is of particular importance for
development of clinical therapies, where the time between injury
and treatment of damaged cartilage may indicate alternative
avenues for optimal patient care.
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